[1] A three-sided box, MedBox, comprising the Strait of Gibraltar, 24°-41°N east of 22°W, was constructed using hydrographic and chemical data from three World Ocean Circulation Experiment cruises in 1997-1998. An extended optimum multiparameter (OMP) analysis resolves the water mass structure in the MedBox. The mass transport is estimated from data and models warranting mass conservation and no deep water formation within the region. Combining the mass transport, the OMP analysis, and the spatial distribution of anthropogenic carbon (C ANT ), some relevant questions about the Mediterranean Water (MW) formation, transport, and role in the global CO 2 cycle are resolved. MW is produced at a rate of 2.7 ± 0.2 Sv in the eastern North Atlantic. It entrains 2.3 Sv of central waters during its formation, including also remnants of Antarctic Intermediate Water. The main advection route of MW is northward, close to the Iberian margin (2.2 Sv), while about 0.5 Sv are exported into the subtropical eastern North Atlantic. The eastern North Atlantic within the MedBox is a strong region of air-sea C ANT uptake, 0.7 ± 0.7 mmol m À2 d À1 , where C ANT is accumulated at a rate of 66 ± 21 kmol s À1 (0.025 GtC yr À1 ), 17% are taken up through the air-sea interface, and the rest is advected into the area by the circulation. The entrainment of central waters to form MW drives a drawdown of 151 ± 14 kmol s À1 (0.06 GtC yr
Introduction
[2] The eastern North Atlantic is a region of eastern boundary ventilation, where the transition from southern to northern Atlantic central waters occurs, it is also the source region of Mediterranean Water and constitutes a coastal upwelling region favorable for primary production and air-sea CO 2 exchange.
[3] The term ''eastern boundary ventilation'' refers to the mechanism by which surface water having entered a boundary layer is vertically mixed and reinjected into the ocean interior at deeper levels [Arhan et al., 1994, and references therein] . The entrainment of central waters to depth when Mediterranean Water (MW) spills out of the Strait of Gibraltar is one of the main forms of eastern boundary ventilation. MW plays an indirect but key role in the North Atlantic circulation [Reid, 1979; McCartney and Mauritzen, 2001] and consequently in the thermohaline circulation on timescales of global climate change [Wu and Haines, 1996] .
[4] This study gives insights into the circulation of water masses in the eastern North Atlantic and the role of this region in the CO 2 ocean budget. Mass transports across the edges of a box enclosing the Strait of Gibraltar combined with a mixing analysis and CO 2 data will enable us to quantify the contribution of the different water masses to the eastern North Atlantic circulation and the CO 2 transport. Particular questions to be answered are how much and where is MW transported into the eastern North Atlantic and how much anthropogenic carbon is drawn down when MW is formed.
[5] This study extends those by Slater [2003] and D. R. Shoosmith and H. L. Bryden (Transport of Mediterranean Water in the North Atlantic Ocean: A hydrographic study, submitted to Journal of Geophysical Research, 2005, here-inafter referred to as S&B) focused on the temporal quantification of MW transport in the North Atlantic from hydrographic data.
Data Set
[6] A three sided box was created around the Strait of Gibraltar encompassing the Mediterranean Outflow (Figure 1 ). Hydrographic and chemical data from three World Ocean Circulation Experiment (WOCE) cruises undertaken in 1997 and 1998 were taken to create the named MedBox 98 (see Table 1 ). In this study, hydrographic conductivity-temperature-depth (CTD) data along with oxygen, nutrients and CO 2 bottle data (pH, alkalinity and total inorganic carbon in the ARC section and just pH and alkalinity in the other ones) will be used. Details about the analysis methodology and quality control are given in the corresponding cruise report and related works (Table 1) .
[7] As described by S&B and Slater [2003] the 2 dbar hydrographic CTD data were gridded onto a constant pressure interval grid, from 10 to 5500 dbar, every 20 dbar. Accordingly, chemical data from bottle depths were linearly interpolated to match the physical field. From the perspective of the MedBox, the data has been gridded in such a way that positive velocities denote transport into the MedBox.
[8] Although measurements were done following WOCE standards, when joining data sets from different sources there could be offsets in the measurements due to changes in the water column structure and systematic sampling and/or analytical errors. S&B detected and corrected systematic differences in the salinity measurements between the three MedBox cruises checking the internal consistency of the data below 3000 dbar, characterized by very homogeneous thermohaline properties. The internal consistency of the chemical data for nutrients, oxygen and CO 2 was also carefully checked studying the residuals from the mixing analysis (see next section) in deep waters below 3000 dbar.
[9] Anthropogenic carbon (C ANT ) was calculated following the Gruber et al. [1996] methodology along with the improvements suggested by Pérez et al. [2002] for the North Atlantic.
[10] The MedBox was divided into four sections in order to more easily describe the results. The ARC portion is our southern wall, the CHAOS portion is divided into two, west north and west south walls, the 4x portion is our northern wall (Figure 1 ).
Methods
[11] A mixing analysis is used to decompose each sample into the contribution of different source water masses in the eastern North Atlantic. Another crucial step in this work is the estimation of the velocity field to calculate the mass and biogeochemical transports. Combining the mixing analysis with the mass transport, we can estimate the contribution of each water mass to the mass and biogeochemical transports into or out of the MedBox as by Á lvarez et al. [2004] . A sensitivity analysis is performed to estimate the effect of water mass variations over their distributions and transports. Here we finally define the methodology used to decompose the mass and C ANT transports into their components.
Mixing Analysis
[12] The water mass structure along the MedBox is resolved by means of an extended optimum multiparameter (OMP) approach [e.g., Karstensen and Tomczak, 1998; Á lvarez et al., 2004] . Briefly, the OMP method consists of quantifying the mixture of a set of source water types (SWT) that makes up a given water parcel/sample. The mixing is solved by minimizing the residuals of a set of tracer linear mixing equations for conservative and nonconservative variables in a nonnegative least squares (NNLS) sense, where mass is stringently conserved and the contributions of the different SWT must be positive.
[13] In this analysis, we have used as conservative parameters potential temperature (q), salinity (S) and assumed the conservative behavior of silicate (SiO 4 ). The nonconservative tracers used were nitrate (NO 3 ), phosphate (PO 4 ) and oxygen (O 2 ). Biological processes are modeled using oxygen, so that oxygen consumption from the initial close to saturation conditions is converted to nitrate and phosphate units using the Redfield ratios by Fraga et al. [1998] . The selection of the SWT and their mixing criteria are critical steps in the OMP definition, reasonable results are only obtained if realistic end-members are mixed in agreement with the knowledge about water mass distribution and circulation within the region.
[14] Upper waters in the eastern North Atlantic comprise two mode waters, subtropical and subpolar Eastern North Atlantic Central Water (ENACW) [Harvey, 1981; Ríos et al., 1992; Pollard et al., 1996] . The mode water formed near the Madeira Island [Siedler et al., 1987] is modeled by the Madeira Mode Water (MMW) extreme and the upper limit of subtropical ENACW (ENACW T ). The later of these and the extreme named H in honor of Harvey enclose subtropical ENACW. Subpolar ENACW is comprised between H and its lower limit (ENACWp). See Table 2 for the SWT characteristics. Antarctic Intermediate Water (AAIW) is formed north of the subantarctic front and east of the Drake Passage [McCartney, 1977 [McCartney, , 1982 Reid, 1994] , it extends along the South Atlantic until about 20°N and further north within the Gulf Stream North Atlantic Current system [Tsuchiya, 1989] . In this study we refer to the diluted AAIW (about 11% of pure AAIW) encountered in the North Atlantic as AA with the q-S characteristics of 7.5°C and 35 in agreement with former studies in the area [Fraga et al., 1985; Tsuchiya et al., 1992; Pérez et al., 2001] .
[15] The intermediate waters encountered are MW and Labrador Sea Water (LSW) defined as in Table 2 and widely known by the oceanographic community. See Table 2 and the references of Á lvarez et al. [2004] for an overview.
[16] The deep water in the region is North Eastern Atlantic Deep Water (NEADW), which is warmed Antarctic Bottom Water entering the eastern North Atlantic at the Vema Fracture Zone [Saunders, 1987; McCartney et al., 1991] . In the Iberian Basin below 2500 dbar, NEADW is quite homogeneous in its thermohaline characteristics with a linear trend in the q-S representation [Saunders, 1986; Mantyla, 1994] . For NEADW in the Iberian Basin, we selected the q-S values given by Castro et al. [1998] for the upper and lower limits (Table 2) . However, we actually decomposed the upper NEADW into its components; LSW, lower NEADW or Lower Deep Water (LDW) and IcelandScotland Overflow Water (ISOW) in order to more simply describe the transport results.
[17] Biogeochemical data in the source regions were initially extrapolated from regression lines with salinity and temperature as by Poole and Tomczak [1999] , then an iterative process was done [Á lvarez et al., 2004] to refine these estimations. Note that biogeochemical properties in Table 2 represent preformed values, oxygen is close to saturation and nutrient values are low.
[18] Within the OMP analysis each tracer equation is properly weighted, tracers more accurately measured have a higher weight in resolving the system (Table 2) . Each weight is calculated dividing the standard deviation of the tracer in the SWT matrix and the sum of the analytical error plus the maximum error ascribed to the estimation of the SWT tracers. A weight of 100 has been attributed to the mass conservation equation, which is thus always accurately conserved.
[19] The total number of unknowns is 11, 10 SWT contributions and the biological activity introduced as a function of oxygen. On the other hand the number of tracers used in the mixing analysis is six (Table 2) . Therefore only a maximum of seven SWT can be simultaneously considered. In order to solve this problem we propose several oceanographic criteria, using mixing spaces coherent with the water mass dynamics within the region. Upper waters are resolved with the following mixing spaces: MMW-ENACW T , ENACW T -H. Intermediate waters by H-ENACWp-AA-MW, ENACWp-AA-MW-LSW and ENACWp-MW-LSW-NEADWu. Deep waters by AA-MW-LSW-NEADWu, AA-MW-LSW-NEADWl and MW-LSW-ISOW-NEADWl. AA is only allowed for lati- [2002] tudes south of 33°N in agreement with several studies within the region [Tsuchiya et al., 1992; Pérez et al., 1998 ]. The figures comprising the type NEADWu are just used along the Western wall, the model better resolves the mixing with this SWT instead of using LDW. A q-S diagram for the entire data set, showing the SWT characteristics and mixing spaces is given in Figure 2 .
[20] The NNLS method returns the squared largest singular value for the set of residuals resulting from the whole set of linear equations. This value is dimensionless and its magnitude has no meaning as it depends on the weights introduced, although its distribution and magnitude gives an idea of the model fit to the data. The total residual presents a mean ± standard deviation of 0.14 ± 0.23, samples with a poorer fit are concentrated in the upper 400 dbar due to their higher thermohaline and chemical variability (0.33 ± 0.35), deeper samples are better resolved (0.06 ± 0.06).
[21] The correlation coefficient (r 2 ) between the measured and expected values for the introduced tracers and the standard error (Std.Err.) of the corresponding residuals provide an estimation of the reliability of our mixing model. In the case of the tracers introduced in the model the r 
Velocity Field
[22] A complete and detailed description of the procedure to determine the velocity field is given by S&B or Slater [2003] . They describe the treatment of the hydrographic data, their quality control, how to join sections, the treatment of the bottom triangles, the Ekman transport values and finally the geostrophic calculations slightly modified by an inverse model. Briefly, as previously mentioned, temperature and salinity data from the three cruises were checked for systematic differences in the NEADW domain. Corner or crossover stations ( Figure 1 ) were created from the closest real stations which are not influenced by eddies. Isobaric averaging using linear regression was employed to create the corner stations. This method smoothes the transition between the data sets but does not significantly change the actual data. The area below the deepest common level between each pair of stations or bottom triangles are treated separately, the velocity is linearly extrapolated from the velocity at the top of the triangle to zero at the bottom. Bottom triangles properties (SWT as well) are estimated using a weighted average of the values below the deepest common level. Ekman transport is estimated using the wind stress from the SOC climatology. Property values for the Ekman layer were taken from %50 m.
[23] The velocity field is first approximated with the thermal wind equations using a reference level of s 3 = 41.49, virtually equivalent to 3200 dbar. From this initial velocity field, an inverse model is run (S&B). Inverse models, pioneered by Wunsch [1978] , solve underdetermined systems, where the unknowns, corrections to the reference level velocities, have to satisfy a series of constraints placed. The system of linear equations is underdetermined; there are an infinite number of solutions, the chosen one departs minimally from the initial state. Here the inverse model is solved by means of a singular value decomposition (SVD) which provide a series of eigenvalues from which the solution, so the barotropic corrections to be summed to each pair of stations, can be calculated. The Therefore five new constraints are added to the inverse model, giving a total of 24. The equations are scaled by their norm, so all the constraints are equally important. The inverse model produces 24 eigenvalues, so 24 solutions, the higher the solution degree the closer the system is to the exact solution but the more noise is introduced into the system. In this sense the chosen solution should be a compromise between the magnitude of the residuals and the noise finally introduced.
[24] The same tests as in S&B are used to select the solution degree. First, the relative magnitude of the eigenvalues, this method selects the eigenvalue just before a sharp decrease in their size. In this case, there is no clear sharp change (Figure 3a ), although at solution 11 the eigenvalues' variation tendencies or slopes change to a lower value. The second test studies the magnitude of the solution and residual vectors, the solution vector increases as more information is added to the system, and correspondingly the residual vector decreases (Figure 3b ). Solution degree 11 occurs after a sharp drop in the residual vector when the solution vector decreases. A sharp drop in the norm of the residual vector magnitude (Figure 3c ) points to solution degree 11 as the preferred one. Finally, Figure 3d shows how much of the solution variance is explained by each eigenvalue, solutions higher than 9 explain almost 100% of the variance. These tests combined with a careful study of the constraints' residuals point to solution 11 as the preferred or optimal one.
[25] A short comparison and justification of our results compared to those of S&B will be given. Figure 4 shows the solution or barotropic velocity corrections introduced by the inverse model of S&B (À0.054 ± 0.17 cm s
À1
) and this work (À0.24 ± 0.8 cm s À1 ). Here we introduce more noise into the system, especially in the shallowest pairs of stations, as we require more constraints to be satisfied relatively stringently. The solution of S&B drives a transport of salt out of the MedBox equal to À2.241 Sv psu (remember that negative fluxes indicate a transport out of the box (see Table 3 )), which translates into a freshwater transport into the box of 0.0636 Sv in perfect agreement with the estimation of evaporation within the MedBox and Mediterranean Sea given by the SOC climatology.
[26] The formation of MW within the MedBox drives an overturning circulation estimated as the magnitude of the upper inflow into the MedBox, according to S&B, 3.58 Sv (Table 3) . Combining the OMP analysis with their velocity field net transports for LSW, LDW and ISOW of À0.79, 0.05 and À0.05 Sv, respectively were obtained (Table 3) . The latter two water mass budgets can be considered acceptable, however the relatively high net transport of LSW out of the box implies that this water mass is formed within the region, which we know is not the case. The main factor leading to this net LSW transport is the velocity field and not the mixing analysis. A sensitivity test was performed varying the LSW type characteristics to 2.9°C and 34.84 psu and a similar net transport was obtained, À0.9 ± 0.2 Sv.
[27] Despite this, the results presented by S&B or Slater [2003] are entirely reliable for the physical processes they want to study. However, as one of the aims of this work is to thoroughly describe the circulation of the different water masses and their relevance for the C ANT transport, we decided to introduce more constraints to the S&B inverse model. As previously mentioned, no deep water formation is allowed and a northward transport of deep water in the Iberian Abyssal Plain is imposed. Table 3 also shows some of the new solution results, the salt outflow increases, as does the freshwater input into the MedBox; the overturning circulation is reduced but the MW transport remains the Á LVAREZ ET AL.: DRAWDOWN OF C ANT BY MEDITERRANEAN WATER same and finally, as constrained, the net transport of deep waters is negligible. Regarding the freshwater flux, it should be equivalent to the evaporation minus precipitation minus river runoff balance within the MedBox. The estimation given by S&B is in agreement with the SOC global air-sea heat and momentum flux climatology [Josey et al., 1998 ], whereas our new slightly higher estimate is more in agreement with one based on the maps of evaporation minus precipitation for the North Atlantic by Schmitt et al. [1989] , 0.086 ± 0.009 Sv.
[28] The main differences between both velocity fields are in the deep layer below about 2000 dbar. Figure 5 shows the profiles of total mass transport for the MedBox and the defined walls. The total transport profiles are very similar for both solutions, but the new one exaggerates the deep positive/into and negative/out of the box transports in the west north and northern walls, respectively. The west north and north walls present the highest LSW contributions (Figure 7c) , and the inverse model is constrained to obtain an outflow in the north wall, so the only place to compensate the LSW imbalance is the west north wall. Here the velocities are increased toward higher positive values, whereas in the northern wall the transport is changed toward negative values to obtain a mass transport out of the box.
Sensitivity Analysis
[29] With the aim of assessing the impact of temporal changes on the end-members characteristics over their distributions and eventually in the transports' estimations, we have performed a sensitivity analysis.
[30] The SWT matrix on Table 2 was modified randomly: normally distributed random numbers were multiplied by the error assigned to each tracer and SWT (Table 2) , these numbers were then added to the nominal characteristics, to finally resolve the OMP system. The errors assigned to each SWT for temperature and salinity were taken from field studies about temporal variability of water masses [Roemmich and Wunsch, 1984 ; Read and Gould, 1992; Bryden et al., 1996; Sy et al., 1997; Curry et al., 1998; Dickson et al., 2002; Pickart and Torres, 2002; Potter and Lozier, 2004] . Errors in the biogeochemical properties were extrapolated from the real data q/S property regressions. A total of 100 perturbations were computed to then calculate the mean and range of the solution matrix, so the SWT percentages. This range gives an estimation of the stability of the mixing model. The mean and standard deviation of each water mass range after the 100 perturbations are 7 ± 7%, 2 ± 4%, 2 ± 2%, 4 ± 5%, 3 ± 4%, 3 ± 4% for central waters, AA, MW, LSW, LDW, and ISOW, respectively. The former low values indicate that the water mass distributions vary slightly when modifying their characteristics in the source regions.
[31] After each perturbation we obtained a distribution of deep waters, LSW, LDW and ISOW, so the inverse model equations changed, and correspondingly the final solution and the transports of mass and C ANT as well. The error for the results here presented was also calculated as the range of the series of mass and C ANT transports obtained after each perturbation. Please see Tables 3, 4 , and 5 and their comments on the corresponding section below.
[32] The results presented in the following sections about the SWT distributions, mass and C ANT transports represent the mean after the 100 perturbations.
Mechanisms of Mass and C ANT Transport
[33] In order to understand the mechanisms leading to the mass and C ANT transport, we have separated the geostrophic fluxes into three components: a barotropic term due to the net transport across the box; a baroclinic term due to the horizontally averaged vertical structure; and finally, a horizontal term due to the residual flow after the barotropic and baroclinic components have been subtracted, which is associated with the horizontal variations about the baroclinic profile. The baroclinic and horizontal components have no net mass flow, and in this case the barotropic one as well. The barotropic transport includes the Ekman layer, the net barotropic water column transport in the box and the bottom triangles. The baroclinic and horizontal transports are respectively associated with the meridional overturning circulation and the large-scale gyre circulation including smaller-scale eddies. To quantify these components for the mass and C ANT transport, the orthogonal velocity (v) and C ANT , are separated into a section-averaged value (hvi and hC ANT i, respectively), a baroclinic profile of zonally averaged values at each depth (hvi(z) and hC ANT i (z)), and the deviations from zonal averages (anomalies) for each pair of stations and depth (v 0 (x, z) and C 0 ANT (x, z)). Hence
The corresponding transports are calculated as Barotropic component
Baroclinic component
Horizontal component
where L(z) is the width of the section at each depth and R L(z)dz is the area of the section. Mass transport is expressed in Sverdrups (10 6 m 3 s
À1
), so density is not introduced in its calculations. C ANT transport is given in kmol s À1 (10 3 mol s
).
Distribution of Water Masses
[34] Before dealing with the mass transport across the MedBox, paying particular attention to the circulation of the different water masses, it is worth describing their distribution around the MedBox. The main thermohaline structure found in the upper 500 dbar is the front associated with the Azores Current (Figures 6a and 6b ) at %32.5°N latitude and À21.3°W longitude in agreement with the classical studies of Krauss and Meincke [1982] and Klein and Siedler [1989] . Warmer and more saline upper waters are found south of the front. Between 500 and 1500 dbar is the salinity maximum associated with MW on the northern wall and west north wall and the salinity minimum related to AA on the southern wall. Deep waters below 2000 dbar present the typical homogeneous temperature and salinity distribution.
[35] Upper C ANT (Figure 6c ) estimations were disregarded where oxygen values are oversaturated, as they would lead to an overestimation of C ANT , so the shallowest Figure 6 . Vertical distribution of (a) potential temperature (q in°C), (b) salinity (psu), and (c) anthropogenic carbon (C ANT in mmol kg
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À1
) along the initial stations defining the MedBox. Also shown is the mean penetration depth of C ANT in the corresponding plot. Note the different scale for the upper 1000 dbar.
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proper C ANT values were extrapolated to the surface. Although not very clear in Figure 6c , the seasonal thermocline in the south has higher C ANT concentrations than northward. However, in the upper 500 dbar, the distance between C ANT isolines gets thicker northward, these waters accumulate more C ANT as they are colder. In the lower water column, C ANT isolines clearly get deeper northward as accordingly does the C ANT mean penetration depth (MPD), defined by Broecker et al. [1979] as
where C ANTz and C ANTml are the C ANT concentrations at any depth (z) and at the mixed layer (ml), respectively. The qualitative reasons explaining this fact are the high proportion of relatively old AA with low C ANT to the south contrasting with the predominance of MW to the north, as MW, when formed in the Gulf of Cadiz, entrains C ANT laden central waters to depth. Also, there should be higher proportions of relatively recently formed LSW which has higher C ANT concentrations northward. Section 6 quantifies the relative contribution of each water mass to the C ANT distribution in the eastern North Atlantic Basin.
[36] Central mode waters occupy the upper 1000 dbar along the MedBox boundaries (Figure 7a ), the different modes distribute according to the common circulation knowledge in the area [Pollard and Pu, 1985; Ríos et al., 1992; Pollard et al., 1996] : Madeira Mode Water occupies the upper 250 dbar south of the Azores Current (at 32.5°N) and it is also carried within the Azores Countercurrent between 35°and 37.5°N. Modes of Subtropical ENACW predominate between 250 and 500 dbar south of 40°N. North of this latitude subtropical ENACW replaces Madeira Mode Water in the upper 250 dbar. Subpolar ENACW is found below the subtropical mode and gets as expected, shallower northward.
[37] MW (Figure 7b ) is centered at about 1200 dbar along the northern wall, where contributions of up to 60% are found close to the Iberian margin, east of À13°W. Another maximum of 50% is found in the west north wall. South of 28°N, MW contributions are lower than 20%. Situated at around the same depth, AA competes with MW (Figures 7b  and 7d ). AA is mainly found south of 27.5°N, with two maxima at %1000 dbar near the African margin (southern wall). Northward it rapidly dilutes, practically disappearing at 32.5°N, the position of the Azores Current. Several studies using thermohaline data report that AAIW is quickly diluted with subpolar ENACW north of 20°N [Käse et al., 1986; Willenbrink, 1982; Reid, 1994] . The northward spreading of AAIW within the eastern North Atlantic is a topic of much debate: mixing studies based on temperature and salinity data, but also supported by biogeochemical data, arrive at contrasting conclusions, van Aken [2002] proposed the poleward advection of AAIW up to 35°N due to the high nutrient and high apparent oxygen utilization signal at the salinity minimum, on the contrary, Pérez et al. [2001] ascribes this maximum of biogeochemical properties to the remineralization of organic matter in the African coast linked to the upwelling system, and mark the AAIW limit at 28.5°N. Here, we have gone one step further. The extended OMP analysis takes into account both the physical and biogeochemical mixing processes and allows the mixing of AA and subpolar ENACW, with biological aging included in the mixing scheme. A careful study of the mixing residuals was done around 33°N to check the AA northward extent, including it north of 33°N yielded higher residuals at intermediate levels. Our results point to the position of the Azores Current as the northern limit of AAIW-influenced water in the eastern North Atlantic.
[38] The main core of LSW lies at 1700 dbar, as expected higher contributions are found near the Iberian margin (northern wall) (Figure 7c ). South of 30°N, LSW rapidly mixes with AA in its upper layer and NEADW in the lower layer. The main deep water in the eastern North Atlantic is NEADW. Here, we just show the distribution of its lower limit, LDW, which predominates below 2500 dbar (Figure 7a ) all along the MedBox. LDW entering the Vema fracture zone on its way northward toward the eastern North Atlantic mixes with LSW and ISOW giving rise to a very homogeneous water mass, upper NEADW, which is not shown here for the sake of simplicity in showing the results. Only small contributions of ISOW, less than 10%, are detected in the study region (Figure 7d ).
Mass Transports, Mechanisms, and Budgets: Contribution of Water Masses
[39] The combination of a mixing analysis with mass and biogeochemical transports provides new insights into the importance of the circulation and transport of physical and biogeochemical properties such as heat, freshwater or C ANT for the global ocean dynamics [Á lvarez et al., 2004] . One of the strengths of this work lies in the quantification of the relative contribution of eastern North Atlantic water masses to the overturning circulation in this important region for the global ocean circulation, information that would eventually help to predict temporal changes due to global climate change.
[40] S&B describe the general circulation in the MedBox with special emphasis on the MW transport. Briefly, the excess of evaporation over precipitation in the region of the MedBox and the Mediterranean Sea must be compensated by a net freshwater transport into the box. The air-sea interaction leads to the general circulation in the region. It consists of a relatively fresh upper layer flowing into the MedBox and ultimately into the Mediterranean Sea and a [41] The magnitude of the overturning circulation (inflow of upper waters) in MedBox 98 is estimated to be %3 Sv (Figure 8a, Table 3 ). From the OMP analysis, we know that only central waters are found above 500 dbar. Taking into account that the inflow to the Mediterranean Sea is about 0.7 Sv [Bryden et al., 1994] we can estimate that 2.3 Sv of central waters are dragged to depth when MW is formed. This is an estimation of the entrainment of central waters into the MOW. This figure agrees with the early work by Zenk [1975] , 2 -3 Sv; with that given by Rhein and Hinrichsen [1993] , 2.6 Sv; by Baringer and Price [1997] , 1.3 Sv, near Cape Saint Vincent; and finally the mean estimation given by S&B, 1.6 ± 0.6 Sv.
[42] The outflow at the intermediate layer between 500 and 2000 dbar (Figure 8a ) relates to MW flowing out of the MedBox into the North Atlantic. A total of À3.5 Sv are transported out of the MedBox, being À2.6 Sv of pure MW, À0.7 Sv of central waters and À0.3 Sv of LSW; within this layer there is an AA inflow of 0.2 Sv into the MedBox. Therefore when MOW entrains central waters to form MW and MW reaches its neutral density surface in the eastern North Atlantic, it flows at intermediate layers out of the region carrying with it small amounts of recirculating central waters and LSW, but AA is not incorporated into this outflowing core of salty water. The mass transport in the deep layer below 2000 dbar is small, only 0.4 Sv into the box, 65% LSW and the rest LDW, which are mixed upward.
[43] The water mass budgets within the MedBox (Table 3 ) indicate that MW is produced at a rate of 2.7 ± 0.2 Sv, which come from the transformation of 2.5 ± 0.2 Sv of Central Waters and 0.2 ± 0.2 Sv of diluted Antarctic Intermediate Water. The 2.5 Sv of Central Waters include the 0.7 Sv transformed within the Mediterranean Sea into MOW. In fact the budgets performed in this work comprise the MedBox and the Mediterranean Sea so the processes involved in the MW formation are the air-sea fluxes inducing deep convection in the Mediterranean Basin, and/or winter convection and other processes as entrainment in the MedBox.
[44] The horizontal circulation (Figure 8b ) within the MedBox shows the known sluggish anticyclonic circulation within the region [Pollard and Pu, 1985; Ríos et al., 1992] , with waters entering the box across the western walls and flowing out across northern and southern walls. Figure 8b highlights the relatively high eddy activity along with the Azores Current crossing the west wall at about 31.7°-33.2°N and its countercurrent slightly to the north.
[45] The combination of the OMP with the transport field allowed us to discern the contribution of each water mass to the overturning circulation in the eastern North Atlantic, adding more details to the work done by S&B, and exactly quantifying the transport accounted for by each water mass. Within the upper layer (500 dbar) only central waters are transported (Figure 9a ) mainly entering the box across the western wall and going out southward, with only À0.4 Sv flowing northward across the north wall. The upper layer circulation in the eastern North Atlantic between the North Atlantic Current (flowing northeastward) at about 46°N and the Azores Current (southwestward) at about 36°N is poorly defined, with subtropical ENACW moving northeastward and subpolar ENACW moving southward, creating a frontal area near the Finisterre Cape [Fraga et al., 1982; Ríos et al., 1992] .
[46] The circulation at the intermediate level (Figure 9b ) is more interesting: 85% of the MW formed within the box, i.e., 2.2 Sv, flows northward near the Iberian margin, and equal amounts of MW (À0.3 Sv) are detected to flow out of the box across the west south and south walls. Curiously, across the west north wall there is a small (0.3 Sv) flow of MW into the box. S&B ascribed the total salt flux in the intermediate layer between 500 and 1500 dbar to MW transport, and calculated that 77% flows across the north wall and 23% across the west wall, with no flux across the south wall. The results here and of S&B are both valid and complementary, however different as based on different methodologies. In this work we obtained the transport of pure MW, the water mass neutrally buoyant stabilized at about 1000 dbar in the Gulf of Cádiz. Therefore we are giving the total amount of MW exported from the MedBox and available to mix, no matter what mechanism, within the North Atlantic and to be incorporated into the global ocean circulation. So, 2.2 Sv flow into the northern North Atlantic, and 0.5 Sv must be incorporated into the subtropical eastern North Atlantic where likely mix with the Gulf Stream or North Atlantic Central Waters.
[47] If the MW mass transport is decomposed into components as described in section 3.4, we calculated that 63% of the total MW transport is due to the horizontal circulation in the intermediate layer. Therefore it is the large-scale gyre circulation and smaller-scale eddies/meddies (a meddy is a mesoscale vortex carrying MW for long periods of time and over thousands of kilometers [Armi et al., 1988; Käse et al., 1989] ) the main mechanism responsible for the MW transport into the North Atlantic. As pointed out previously the horizontal mass transport (Figure 8b) shows a quite high eddy activity, indicating their relevance with respect to the small gyre circulation.
[48] Our scheme of MW circulation agrees with the qualitative study by Iorga and Lozier [1999a] showing the main spreading pathways of MW from a climatological data set. However, the same authors in an associated study [Iorga and Lozier, 1999b] conclude that there is no westward advection of MW at about 35°N as stated by Reid [1994] from observations and supported by the model results of Hogg [1987] and Bogden et al. [1993] . Other studies, such as Daniault et al. [1994] and Mazé et al. [1997] , or the model by Paillet and Mercier [1996] argued that there is no direct advection of MW but westward meddy propagation. Here we introduce a different methodology to study the MW transport into the North Atlantic, we do not use salinity anomalies or study a given density interval, we asses the contribution of the pure MW end-member to the mass transport and the mechanisms implied. The results point to the Iberian margin as the main advection route of MW out of the MedBox, albeit there is a westward transport driven by eddies and the sluggish gyre circulation within the region. As concluded by Candela [2001] further research is required about the MW spreading in the North Atlantic.
[49] The AA circulation in the region is for the first time quantified: 1 Sv of this water mass enter the box at intermediate levels across the west south wall (Figure 9b) , while À0.7 Sv leaves the box southward. As previously said, about 0.2 Sv of AA (Table 3) is transformed into MW. These results are somehow surprising as AA is always thought to flow poleward in a slope current off Africa [Reid, 1994; Tsuchiya, 1989] but, similar transports were also found by Lavín [1999] in the eastern Canary Basin portion of the 24.5°N WOCE section done in 1992.
[50] The deep circulation (Figure 9c ) shows some remarkable features: the deep cyclonic circulation in the Iberian Basin [Dickson et al., 1985] , with deep waters entering the area from the southwest and flowing out northward. In this work we can discern and quantify the main pathways, a total of 0.3 Sv flow across the south wall into the box which continue northward incorporating 1.9 Sv crossing the west wall, finally À1.9 Sv flow out of the box northward. We have quantified an upwelling of deep waters below 2000 dbar within the MedBox of 0.4 Sv, in agreement with the theory by Stommel and Arons [1960] and the calculations by Arhan et al. [1994] along a quasi-meridional section in the eastern North Atlantic. This section lies inshore of the west wall but the deep circulation pattern, below 2000 dbar, inferred by the former authors agrees with our results along the west wall supporting them.
6. C ANT Transports, Mechanisms, and Budgets: The Relevance of Mediterranean Water Formation
[51] The C ANT budget within the region can be studied from different points of view. Here we attempt to produce a clear picture of the role of this region and particularly the formation of MW in the drawdown of C ANT within the framework of the current knowledge about the global ocean carbon cycle and a preliminary study within the region by Ríos et al. [2001] .
[52] First, an overall look at this particular region of the eastern North Atlantic. The MedBox is only opened through the Strait of Gibraltar connecting it with the Mediterranean Sea (Figure 1) . In order to study the C ANT budget within the region we need to know all the terms in the following equation:
where the storage is positive and stands for the CO 2 dissolved in the ocean as a result of the total or partial equilibration of surface ocean waters with the increasing atmospheric CO 2 content; F air-sea is the air-sea CO 2 flux in the region (positive into the region), T W and T E respectively refer to the net transport of carbon across the western (i.e., MedBox) and eastern (i.e., Strait of Gibraltar) boundaries of the area (positive into the region). The C ANT budget performed in this work is referred to 1998, when the cruises were done.
[53] The transport across the western boundary is directly estimated in this work, 66 ± 14 kmol s À1 (Table 4 ). The C ANT transport across the Strait of Gibraltar can be indirectly and roughly estimated assuming that the 0.71 Sv inflow of central waters [Bryden et al., 1994; Tsimplis and , calculated from CFC ages of about 15 years in the Alboran Sea [Rhein and Hinrichsen, 1993] . Therefore about 11 kmol s À1 of C ANT flow into the Mediterranean Sea, this quantity is subject to a high uncertainty, certainly direct estimates are needed.
[54] The storage can be estimated as by Á lvarez et al. [2003] :
The mean C ANT MPD in the region (1182 ± 382 m, see Figure 6c ) times the temporal increase of C ANT in the mixed layer, which is calculated assuming a fully CO 2 equilibrated mixed layer keeping pace with the CO 2 atmospheric increase (0.92 mmol kg À1 yr À1 , as of Ríos et al. [2001] ). So about 66 ± 21 kmol s À1 are accumulated within the water column of the MedBox.
[55] Consequently, to balance the C ANT budget within the MedBox 13 kmol s À1 of C ANT are absorbed from the atmosphere. From the point of view of the ocean, the water column is accumulating C ANT , 17% is absorbed from the atmosphere and 83% derives from the C ANT convergence driving by the circulation within the region. The previous work by Ríos et al. [2001] based on a temporal series analysis and indirect mass transport estimates calculated that within the Iberian Basin the air-sea uptake was as important as advection for the C ANT storage.
[56] As the surface area of the MedBox is 1.7 10 12 m 2 the air-sea uptake can be translated into a mean air-sea flux of 0.7 ± 0.7 mmol C m À2 d
À1
. This is just the anthropogenic portion of the total air-sea CO 2 flux, which is difficult to compare with as there are few regional estimates. However, this figure can be put into context, Á lvarez et al. Rosón et al. [2003] and between 10°S and 30°S, 3.8 mmol C m À2 d À1 by Holfort et al. [1998] . The MedBox seems to be a preferential area for the C ANT air-sea uptake given the small area it occupies relative to the other referred oceanic regions.
[57] What are the mechanisms driving the C ANT transport into the MedBox? The decomposition into components, calculated as explained in section 3.4, reveals that the overturning circulation is the main factor responsible for the C ANT input into the MedBox, while the horizontal circulation is exporting C ANT out of the box (Table 4 , Figure 10 ). Figure 10b shows that the highest contribution to the horizontal transport comes from the intermediate layer. As the horizontal mass transport at this layer very much resembles that at the upper layer (Figure 8b ) it is the contrasting C ANT content between the C ANT poor AA and the C ANT rich MW that results in the final C ANT horizontal transport.
[58] A summary of the C ANT mechanisms is given in Figure 10a : C ANT enters the MedBox in the upper layer mainly due to the overturning circulation within the region to finally form MW. A portion of this C ANT is transported out of the box at intermediate layers with the MW core, but here the main mechanism exporting it out of the box is the horizontal circulation due to the contrasting C ANT content between AA (to the south of the MedBox (Figure 7d) ) and MW (to the north (Figure 7b) ). Quantitatively speaking, the horizontal component of the C ANT transport by MW is 2.8 times higher than the baroclinic one.
[59] The entrainment of central waters into MOW to finally form MW is a unique mechanism by which surface C ANT is injected to depth and then distributed at intermediate levels into the North Atlantic with the MW general circulation. Assuming an entrainment of 3 -4 Sv (based on [Rhein et al., 2002] , the amount of C ANT exported ranges between 0.06 and 0.08 GtC yr
. Another example, the formation and export of SubAntarctic Mode Water north of the SubAntarctic Zone drives a C ANT uptake of 0.07 -0.08 GtC yr À1 [McNeil et al., 2001] . A recent review about the ocean as a C ANT sink estimates the role of intermediate waters formed in the Red Sea and Persian Gulf in the drawdown of C ANT into the Indian Ocean [Sabine et al., 2004] . These waters and MOW have a similar formation mechanism, an excess of evaporation increases the water salinity and density, which sink and carry C ANT to depth. The former authors estimate in 3 Pg C the C ANT inventory due to the Red Sea and Persian Gulf intermediate waters, so about 2.5% of the total 118 Pg C in the ocean. Given that the C ANT increase rate in the ocean is about 1.85 Gt C yr À1 , about 0.047 Gt C yr À1 correspond to the former intermediate waters, value with the same order of magnitude as the C ANT drawn down to depth when MW is formed (0.06 Gt C yr À1 ), pointing again to the relevant role of intermediate waters in carrying C ANT to depth.
[62] The spatial distribution of the C ANT transport within the MedBox accounted for by each water mass is shown in Figures 9d-9f . The final contribution of each water mass to the C ANT transport is given in Table 5 , central waters and MW are the main contributors, as they present the highest C ANT values (Figures 4c and 5 ) and the highest mass imbalances (Table 3) , AA has a very low C ANT content ( Figures 4c and 5d) ; and the deep ones, LSW, LDW and ISOW, very low C ANT content and a negligible mass imbalance (Table 3 ). The C ANT transports in the deep layer (Figure 9f ) can be considered as an indicative of the error of our methodology, about 10 kmol s À1 , the same order as the total C ANT flux error, 14 kmol s À1 . The C ANT input into the MedBox occurs in the upper layer carried by central waters entering the box through the west wall, whereas the main flow out of C ANT occurs at the intermediate layer across the north wall due to the outflow of central waters and MW.
Summary
[63] Combining portions of three WOCE sections sampled in 1997 -1998 we defined a three-sided box in the eastern North Atlantic, the MedBox, encompassing the Strait of Gibraltar, so the formation region of Mediterranean Water (MW), known to have an important but still not well determined role in the global ocean thermohaline circulation.
[64] A careful study of the internal consistency was undertaken for the hydrographic (S&B) and chemical (in this work) data to ensure uniformity across the data sets. The aim of this work was to study the magnitude, mechanisms and pathways of the mass and C ANT transport by water masses in the region with special emphasis on MW and its role in the global CO 2 cycle. In order to accomplish these objectives an estimation of the mass and C ANT transport in the region obtained by an inverse model was coupled with a mixing analysis, an extended optimum multiparameter (OMP) , that provides the contribution of the water masses. The inverse method was set following the work of S&B, after having chosen the initial level of reference at s 3 = 41.49 kg m À3 close to 3200 dbar, the mass, salinity anomaly and heat flux within defined layers was constrained, deep water formation was not allowed and the deep layer transport across the northern boundary in the Iberian Abyssal Plain was constrained northward.
[65] The OMP resolved the mixing of 10 source water types (SWT) defining the water masses in the region and the biological activity defined as oxygen consumption by solving mixing equations for conservative variables (temperature, salinity and silicate) and nonconservative variables (nitrate, phosphate and oxygen). Mass was always conserved and SWT proportions always positive. Equations were properly weighted according to their variability and analytical uncertainty. The excess of unknowns relative to equations was overcome using vertically ordered mixing spaces and some SWT restrictions in agreement with the water mass dynamics in the region. The mixing analysis was proved to be reliable, able to reproduce the thermohaline and chemical variability along the MedBox. The most remarkable result from the OMP is that the Azores Current position seems to be the northern limit of influenced AAIW, at about 32°-33°N.
[66] The combination of the OMP analysis with the mass transport allowed us to estimate that 2.7 ± 0.2 Sv of MW are produced within the MedBox, which come from the transformation of 2.5 ± 0.2 Sv of central waters and 0.2 ± 0.2 Sv of diluted AAIW. MW is mainly exported northward near the Iberian margin, 2.2 Sv, whereas about 0.5 Sv of MW flows into the subtropical eastern North Atlantic. The main mechanism exporting MW at intermediate levels is the horizontal circulation within the area, which also comprises the eddy activity.
[67] Regarding C ANT , the MedBox is accumulating C ANT within the water column at a rate of 66 ± 21 kmol s
À1
, 17% of this C ANT is taken up through the air-sea interface, the rest is introduced by advection. The region is revealed as an [68] The overturning circulation, responsible for the MW formation is introducing C ANT at a rate of 72 ± 4 kmol s À1 , whereas the horizontal circulation, mainly responsible for the MW export, is exporting C ANT out of the region at a rate of 20 ± 11 kmol s À1 . From the point of view of MW, the amount of C ANT drawn down to depth when formed is about 151 ± 14 kmol s À1 (0.06 ± 0.01 GtC yr
) and the amount of C ANT exported with MW into the North Atlantic is 88 ± 8 kmol s À1 (0.03 ± 0.003 GtC yr À1 ). Both quantities highlight the relevance of MW in the transport of C ANT to intermediate levels of the North Atlantic. The role of MW in the C ANT oceanic budget should be taken into account in future long-term monitoring programs and model studies about feedbacks between thermohaline changes affecting MW formation and circulation and the oceanic C ANT budget.
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